Objective: Neuroimaging studies using a variety of techniques have been conducted in sleep to explore the changes in brain activity during the different sleep stages. The current study employed a quantitative meta-analytic technique in an attempt to integrate the findings from such studies. Methods: Using an updated version of the Activation Likelihood Estimation (ALE) method, individual meta-analyses were carried out on: 1) studies contrasting REM sleep and wakefulness, and 2) studies contrasting NREM sleep and wakefulness. Results: Based on the results of the current meta-analyses, a number of cortical and subcortical brain regions appear to be involved in sleep and sleep processes, with both decreases and increases noted across NREM and REM sleep. Specifically, areas of decreased activity comprised thalamic structures (pulvinar, dorsomedial thalamus) and frontal regions (inferior, superior, and middle frontal gyrus). Furthermore, increased and decreased activity was noted in the anterior cingulate during sleep. Conclusions: Despite limited overlap across these sleep stages among regions identified, consistent decreases were revealed in NREM sleep (thalamus) and REM sleep (frontal cortex) when compared to wakefulness. Such findings suggest that these regions may ultimately play a key role in the loss of consciousness characteristic of sleep. Further research is needed to determine if and how such activity may be related to dreaming.
Introduction
Researchers have long been fascinated with sleep and since the discovery of rapid eye movement (REM) sleep in 1953 [1] , the measurement of brain activity has moved beyond the use of the electroencephalogram (EEG) to include more advanced techniques such as neuroimaging. Currently a number of neuroimaging studies exist in the published literature that have attempted to reveal the patterns of brain activity occurring during sleep using methods such as positron emission tomography (PET) and functional magnetic resonance imaging (fMRI). Such studies have investigated spontaneous changes in brain activity across different sleep stages, changes in brain activity during sleep following training on a cognitive task, as well as changes in brain activity during sleep following sleep deprivation or the administration of a pharmacological agent. There are also considerable differences in the participants sampled across such studies, the definitions employed for various sleep processes (i.e. dreaming), and sleep scoring procedures. Thus, achieving an accurate picture of the sleeping brain from such diverse methods and findings is difficult. Nevertheless, some researchers (e.g., [2, 3] ) have reviewed a collection of such studies and drawn conclusions regarding the likely cortical and subcortical regions involved in sleep.
In order to elucidate the nature of consistent activity within a certain class of imaging studies [4] , functionlocation meta-analytic techniques such as the Activation Likelihood Estimation (ALE) technique [5] were developed. The ALE method essentially measures the overlap between a set of studies, which is achieved by modeling each significant location of activation (or deactivation) as the centre of a Gaussian probability distribution [5] . A visual map of the brain is then produced with estimates of the probability of activation (or deactivation) for voxels, based on the given set of studies. Thus, such an approach provides a considerable amount of information when compared to the traditional method of simply tabulating significant results. Recently, an updated version of the ALE technique has been developed to address limita-tions associated with the previous version, such as the need to specify the size of the probability distributions, the inclusion of significant activations/deactivations in deep white matter, and the emphasis on testing for above-chance clustering of individual foci (fixed-effects) [6] . To date, the ALE technique has not been applied to the area of sleep research. Thus, the purpose of this study was to use this updated ALE method to analyze sleep studies that have employed neuroimaging techniques. It was hypothesized that a quantitative meta-analysis of such studies would confirm a pattern of prefrontal hypoactivity during REM and NREM sleep, and hyperactivity in posterior brain regions (e.g. Parietal-Temporal-Occipital (PTO) junction) during REM sleep.
Methods

Literature Search
A PubMed search was conducted to identify neuroimaging studies during sleep available as of December 2010 using the terms "sleep", "neuroimaging", "imaging", "fMRI", and "PET". The reference list of all identified studies were also examined. Studies that were carried out in clinical populations, administered cognitive tasks or pharmacological agents, or presented stimulation of any kind were excluded. Additionally, only studies that reported three-dimensional stereotactic coordinates extracted from single data sets (i.e. original studies) were included. The separate contrasts reported in these studies were then divided into the following three categories: 1) REM sleep versus NREM sleep; 2) REM sleep versus wakefulness; and 3) NREM sleep versus wakefulness. The contrasts in each of the above categories were subsequently screened to determine if there were groups of studies with similar methods (i.e. PET, fMRI, SPECT). Although there is no absolute minimum number of studies required for ALE analysis, a suitable number of studies were identified only for the latter two groups (five studies with similar imaging techniques). Thus, as there were an insufficient number of studies contrasting REM and NREM sleep using similar imaging methods, this comparison was not conducted.
Meta-Analysis Procedures
Coordinates originally published in MNI space (e.g., [7, 8] ) were converted to Talairach space using the Lancaster (icbm2tal) transformation [9] . The techniques applied in this analysis employed the updated version of ALE that has previously been described in detail [6] . The identified literature coordinates of maximum activation and maximum deactivation (significant at p < 0.05) were separately modeled with a three-dimensional Gaussian distribution, and convergence across experiments was quantitatively assessed. Rather than using a prespecified fullwidth half-maximum (FWHM) as in the original ALE approach, an algorithm was used to model the spatial uncertainty of each focus using an estimation of the inter-subject and inter-laboratory variability typically observed in neuroimaging experiments. This algorithm limits the meta-analysis to an anatomically constrained space specified by a gray matter mask, and includes a method that calculates the above-chance clustering between experiments (i.e. random-effects analysis), rather than between foci (i.e. fixed-effects analysis) [6] . The 3D modeled activation images are pooled to produce a statistical map that estimated the likelihood of activation for each voxel as determined by all the studies in the analysis. ALE was performed in Talairach space using GingerALE 2.1, distributed by the BrainMap Project [10, 11] . The resultant ALE map was thresholded at a false discovery rate (FDR) corrected threshold of p < 0.05 [12] . A minimum cluster size of 200 mm 3 was applied. Locations of the voxels with peak probabilities within clusters and the cluster sizes were identified. Peak locations for each ALE cluster were assigned an anatomical label using the Talairach Daemon ( [13] www.talairach.org). ALE results were overlaid onto an anatomical template generated by spatially normalizing the International Consortium for Brain Mapping (ICBM) template to Talairach space [14] . Following the meta-analyses, an attempt was made to identify overlapping regions (i.e. brain areas activated during both REM and NREM sleep, brain areas deactivated during both REM and NREM sleep).
Results
The above literature search and review process yielded a number of PET studies which fell into two groups: 1) REM sleep versus wakefulness, and 2) NREM sleep versus wakefulness ( Table 1) . For the first group, forty-three foci from five studies were identified which reported areas of increased activation during REM sleep compared to wakefulness, and 37 foci from five studies reporting decreased activation. Consistent increases in brain activity were found in the anterior cingulate as well as other subcortical areas. Decreased brain activity was consistently observed in a number of frontal regions, such as the middle, inferior and superior frontal gyrus ( Table 2) . For the second group, 30 foci were identified from four studies that reported increased activation in NREM sleep, as well as 62 foci identified in five studies which reported decreased activation. In NREM sleep, consistent increases in brain activity were found in temporal and occipital regions (superior temporal gyrus and cuneus, respectively), as well as the anterior cingulate. Consistent decreases in activity were found in various subcortical structures such as the thalamus (i.e. pulvinar, dorsal nucleus, ventral posterior medial nucleus) and anterior cingulate, along with circumscribed frontal (inferior frontal gyrus) decreases ( Table 3 ). Figure 1 presents the results of all four comparisons superimposed together over an image of a standard brain. 
Overlapping Regions
By superimposing the aforementioned comparisons, a limited set of brain areas were found to overlap. Specifically, from the results of the meta-analyses it was revealed that the inferior frontal gyrus exhibited significantly decreased activity during both REM and NREM sleep when compared to wakefulness, with a degree of overlap noted from the subsequent overlays. In addition, compared to wakefulness, the anterior cingulate exhibited significant increases during REM sleep as well as significant increases and decreases in NREM sleep. These areas were also found to overlap. Although the meta-analyses found that the thalamus was significantly decreased during NREM and the superior and medial frontal gyrus significantly decreased in REM sleep, no overlap was noted for these areas as no significant increases/decreases were identified in the corresponding brain regions during REM and NREM sleep, respectively.
Discussion
This study aimed to analyze the results of neuroimaging studies investigating the neurophysiology of sleep. The findings from this study suggest that although there were a limited number of studies included in the analyses, there appears to be a specific set of brain regions involved in sleep, broadly related to the thalamus, frontal cortex and the anterior cingulate gyrus. In addition, although there was limited overlap across REM and NREM sleep among regions identified, it is important to note that the neurophysiology of sleep is complex with a number of brain areas likely involved, each with inherent differences in the level of activity during different sleep stages. Consequently, such activity may not be effectively captured using PET techniques or easily identified using the applied meta-analytic methods.
Thalamic Activation Patterns during Sleep
The results of the above meta-analysis of neuroimaging studies demonstrate that the thalamus is involved in sleep processes, with activity across a large portion of the thalamus found to be decreased during NREM sleep (i.e. dorsomedial thalamus, pulvinar, ventral posterior medial thalamus). Such findings are consistent with its known role in sleep regulation. Specifically, the thalamus is involved in the generation and propagation of sleep spindles [15] and k-complexes in NREM sleep [16] . In disorders that involve disruptions of the sleep-wake cycle (i.e. fatal familial insomnia [FFI] ), such activity is absent. For instance, even before individuals with FFI become symptomatic (e.g. insomnia, stupors) the first significant abnormality observed is an absence of sleep spindles and k-complexes, as well as a concomitant decrease in thalamic metabolism [17] . These alterations in thalamic activity (reduced thalamic metabolism and the loss of these sleep rhythms) have been attributed to the marked reduction in a number of thalamic neuronal populations, particularly within anterior ventral and dorsomedial regions [18] . The involvement of these thalamic areas in sleep rhythms and the pathophysiology of FFI is further supported by studies which have revealed that bilateral lesions of the dorsomedial thalamus result in the loss of slow waves and sleep spindles [19] . Thus, the pattern of thalamic deactivation observed during NREM sleep in the current study is strikingly similar to the pattern observed in FFI, suggesting a common underlying mechanism.
The thalamus is a key structure involved in the relay of sensory and motor information received from the external environment to primary visual, auditory, and somatosensory cortex. It is the site where such information is initially processed before being relayed to the cerebral cortex for further processing (and in what form) [20] . Furthermore, as the thalamus shares reciprocal connections with the basal ganglia, cerebellum, neocortex, and limbic structures, it is also involved in many other functions, such as the relay of information concerning movement, learning, memory, and emotion [20, 21] . Finally, specific regions of the thalamus subserve certain functions. For instance, the dorsomedial nucleus of the thalamus is involved in executive functions such as memory [22] , and the observed decrease in this region is consistent with the view put forth by Hobson and colleagues [2] that relative to waking, working memory and other executive processes are deficient whilst dreaming. In addition, the pulvinar is an important thalamic structure, implicated in attentional processing associated with its reciprocal connections with cortical regions such as the posterior parietal, temporal, and areas of the visual cortex [20, 21] . As such, the thalamus is involved in regulating arousal and attention, and consequently, the level of consciousness [23, 24] .
Thus, in light of the aforementioned functions of the thalamus, its deactivation during NREM sleep would result in deficits in these processes. For example, since thalamic nuclei are responsible for the transfer of information (whether from the external environment or internally generated) to the cortex, such deactivation may be related to slow thalamocortical oscillations generated by the thalamus [23] . Slow oscillations are involved in regulating the sleep cycle by increasing arousal thresholds [23, 25] . This increased arousal threshold serves to block subjective awareness of the external environment and promote the deepening of sleep [26] . In sum, the lack of information reaching the cortex via thalamic projections combined with increased arousal thresholds may explain the loss of consciousness characteristic of sleep, particu-larly NREM sleep [23] . With respect to dreaming, all this is likely to suppress "the experience of perception and mentation during NREM sleep" ( [2] , p. 824).
However, the results of the current meta-analysis did not reveal any significant increase or decrease in thalamic activity in REM sleep when compared to wakefulness. Such a result is not altogether surprising since the imaging techniques employed in these studies may not effectively capture brief, sporadic ponto-geniculo-occipital activity in structures such as the lateral geniculate nucleus (LGN) which, to date, has only been detected using depth electrodes in animals. Such activity (generated by the pontine brainstem and relayed to the cortex via the LGN) conveys pseudosensory information that is subsequently elaborated by the cortex and experienced as dreams [2] .
Frontal Cortex Activation Patterns during Sleep
In addition, compared to wakefulness there was a decrease in activity in frontal regions during NREM (inferior frontal gyrus) and REM sleep (middle, inferior, and superior frontal gyrus). These regions correspond to the dorsolateral [27] and orbitofrontal cortex [28] . This has lead theorists to postulate that such decreased activity may provide an essential role in dream recall [2, 23] . Specifically, as these frontal cortical areas are predominantly involved in executive functions during wakefulness (such as directed thought and decision making, memory and attention) [28] [29] [30] [31] , such decreased activity during NREM and REM sleep has been linked to the observed disruptions in such processes during sleep [23, 32, 33] . For instance, working memory is deficient from REM sleep dream reports, with scene shifts often experienced without conscious reflection by the dreamer [34] . Hence, such disruptions in memory and other executive processes may explain the unique qualities of dreams from REM sleep like their characteristic bizarreness, disorientation, and loss of self-reflective awareness [2, 23, 35] .
Anterior Cingulate Activation Patterns during Sleep
Finally, the meta-analyses also revealed significant patterns of regional activity in the anterior cingulate. The anterior cingulate gyrus is involved in the processing of emotional information, particularly the emotions and memories evoked in response to fearful stimuli as well as the fear potentiated startle response [36] . This information processing in turn facilitates the behavioral and autonomic responses to such stimuli [36] . In addition to its role in processing emotion, the anterior cingulate gyrus is also involved in executive functions such as attention [37] , including response monitoring [38] and error detection [39] . These various functions may be due to the location of the anterior cingulate gyrus, situated between the frontal cortex (executive functions) and limbic regions (emotion) [20] .
In the current study, two areas of the anterior cingulate were found to be involved in sleep, exhibiting selective activation/deactivation patterns across REM and NREM. Specifically, decreases were observed in the left anterior cingulate gyrus (BA 24 and 32) during NREM. These regions of the anterior cingulate roughly correspond to the perigenual anterior cingulate cortex and midcingulate cortex, which are implicated in the aforementioned processes involving affect and response selection, respectively [40] . Thus, the decreases observed are consistent with the known deficits in such processes and overall brain deactivation inherent during this stage of sleep. However, there was also a circumscribed area of increased activity identified in the left anterior cingulate (BA 24). It is possible that such activity may reflect the transient appearance of certain sleep rhythms. For example, increased activity in the anterior cingulate cortex was found to coincide with periods of spindle activity [15] and slow waves [41] . These findings fit well with the results of the current meta-analysis, and suggest that the pattern of activity observed may reflect the activity of such NREM rhythms. Alternatively, the activation observed in our meta-analysis may reflect increased activity, which coincides with periods of dreaming in NREM. However, not all of the included studies systematically investigated dreaming, so such an explanation is purely speculative.
Interestingly, during REM sleep increases comprised areas of the right anterior cingulate cortex (i.e. BA 32). Such activity is not surprising since the anterior cingulate cortex has substantial connections to other structures in the forebrain limbic system such as the amygdala, a major centre involved in emotion [20, 21, 42, 43] . Thus, such activation during REM sleep (combined with the aforementioned frontal deactivation during this stage of sleep) is consistent with the exaggerated affect and bizarre content, disorientation, as well as a lack of reflection and awareness characteristic of dreams from REM [44] .
Methodological Considerations
The results of the aforementioned meta-analyses as well as the subsequent discussion and conclusions drawn must be interpreted in light of various limitations. Specifically, the major limitation concerns the type of studies included in the current review. Attempts were made to obtain a relatively homogenous sample of studies for inclusion in the analyses. As a result, a number of studies that may otherwise have provided valuable information regarding brain activity during sleep were excluded. For instance, studies that administered an external stimulus or phar-macological agent prior to or during sleep were excluded as such manipulation may produce different profiles of brain activity when compared to spontaneous sleep. However, despite such attempts the included studies were not strictly homogenous due to variability in the methods employed across studies. For example, although only PET studies were analyzed, the two PET techniques (as well as methods used in their analyses) differ. Furthermore, some studies included in the meta-analyses employed sleep deprivation procedures, a procedure which is likely to alter global as well as regional brain activity. Thus, the inclusion of such studies may have skewed the observed results. Finally, some of the included studies involved awakening participants in order to collect dream reports. These awakenings may have altered sleep integrity and architecture, and potentially the brain activity observed in subsequent scans. These issues highlight how the inclusion of such studies may influence the final result. However, had these studies been excluded, this would have further reduced the already limited sample size. These issues aside, significant clusters were revealed using the updated ALE technique.
Summary
The current study revealed a network of brain regions implicated in the neurophysiology of REM and NREM sleep. Specifically, in REM sleep this network included the anterior cingulate as well as the dorsolateral and orbitofrontal cortex. In NREM sleep, the network comprised these same areas as well as the thalamus. Further research is needed to elucidate the role of these regions in sleep and whether such activity coincides with periods of dreaming.
